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Abstract
Scanning electrochemical microscopy offers a good insight into nickel surface analysis
and human bladder cancer cell studies.
SECM is a useful tool to study chemical information of the metal surfaces. The surface
microstructures are found related with chemical reactivity by superimposing SECM, SEM
and Tof-SIMS images together. Carbon is the main component of the residues. Depth scans
were exploited for studying chemical reactivity quantitatively by comparison with COMSOL
simulation results. Simulation models are described.
Extracellular reactive oxygen species are detected by SECM. Quantitative results were
demonstrated by simulation, and concentrations of H2O2 and O2 were acquired.

The

interaction between cancer cells and vitamin C was investigated. Two different behaviours
of vitamin C on the PMA-induced ROS burst of T24 cells were evidenced: pro-oxidant in the
first 30 min and anti-oxidant effect after 1 day.
SECM offers an excellent way to explore topography and chemical reactivity of various
sample surfaces.

Keywords
Scanning electrochemical microscopy, commercially pure nickel, probe approach curves,
vitamin C, reactive oxygen species, human bladder cancer cells.
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Chapter 1 General Introduction
1.1

Introduction
Scanning electrochemical microscopy (SECM) is one kind of the scanning probe

microscopy (SPM) methods.

It was first seen in the investigation of concentration

profiles in the diffusion layer in 19861. This new technique has been further built and
developed by Professor Allen J. Bard and his colleagues since 19892-5. In this technique,
a small ultramicroelectrode (UME) is employed as a working electrode to scan at close
proximities to the substrate surface. A corresponding Faradaic current on the tip surface
is collected. In this way, both topographical information and chemical reactivity of the
substrate will be revealed. In the past two decades, the field of SECM has progressed
substantially and this new method has been used in many areas6.
In this chapter the basic principles and primary working mode of SECM will be
presented. Various applications of SECM will also be introduced here.

1.2

Basic Principles and Operation Modes

1.2.1 SECM Setup
A schematic diagram of SECM is shown in Figure1.1. A custom-adapted system is
used to carry out the SECM experiments. There are three main parts: the electrochemical
system, the position system and the data acquisition system7. A three electrode system is
commonly employed in the electrochemical system, which includes a working electrode
(WE, noble metal or carbon fibre), a reference electrode (RE, normally KCl-saturated
Ag/AgCl) and a counter electrode (CE, normally a Pt wire). A 3-axis positioner and its
controller are used to drive the tip. The potential applied between working electrode and
reference electrode is controlled and the current is measured through a bipotentiostat.
The output current and electrode coordinates are recorded and analyzed by a computer
and data acquisition system. LabVIEW software in the data acquisition system is used to
collect signals and control the 3-axis positioner and CHI610A controls the potentiostat.
The electrochemical cell used to clamp the sample (substrate) consists of two Teflon
pieces and was mounted in the stage. Furthermore, the SECM instrument has been set up
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inside a Faraday cage to avoid electromagnetic noises. This is of significant importance
for low tip current experiments to obtain optimal resolution. A video microscope is not a
prerequisite component of a SECM setup, but it aids in the initial positioning of the probe
to substrate surface as well as observation during the whole experiments.

Figure1.1 A schematic illustration of the SECM experiments

1.2.2 Feedback Mode
Feedback mode is the most frequently utilized for SECM operation, in which only
tip current is detected. In this mode, both the probe and substrate are immersed in an
electrolyte solution containing a redox species such as ferrocenemethanol in my
experiments. Reaction 1.1 occurs on the tip's surface when the probe is biased beyond
the reduction potential of the oxidant species ( O represents for oxidant and R represents
for reductant):
O + ne- → R

( 1.1 )

A plot of the current as a function of the potential of a 25 µm UME is shown in
Figure 1.2.
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Figure 1.2 A typical cyclic voltammogram for 25 µm UME in a 0.9 mM Fc
aqueous solution with 0.1 M KCl as the supporting electrolyte. The scan rate is 20
mV/s. iT,∞ is the tip current while the probe is far away from the substrate.
An S-shape CV is obtained when the tip is positioned far enough away from the
substrate. A steady state current is reached when the potential bias at the tip surface is
greater than 0.35 V. The mass transfer rate by diffusion of O from the bulk solution to
the electrode surface is the control factor. For a conductive disk of radius a in an
insulated sheath, this steady-state current is diffusion-controlled when the tip-to-substrate
distance is large6:
iT,∞ = 4nFDca

( 1.2 )

where n is the stoichiometric number of electrons transferred in the tip reaction, F is the
Faraday constant, D and c are the diffusion coefficient and the concentration of the redox
molecule in the bulk solution, respectively, and a is the disk radius. The steady state
current for some other tip shapes, such as cones or hemispheres, can be expressed in
similar ways6. In this thesis, all SECM experiments are carried out with disk shape
UMEs because of their best sensitivity6.
The current is considered relatively independent of the radius of insulating sheath, rg.
The ratio of the insulating sheath to electrode radius is denoted as RG, which is equal to
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rg/a. However, when RG < 10, the tip current is dependent on RG7-9. The current on the
small UME can reach steady state in a relatively short time (~ a2/D)10. Finally because of
the small tip current, the tip current is usually on the scale of pA to nA, for this reason the
resistivity drop in the solution is negligible.
Figure 1.3(B and C) shows basic principles of two different feedback systems and
the two typical probe approach curves associated with them.
Negative Feedback.
When the substrate is electrically insulating, diffusion of the O species will be
blocked by the substrate. Also, the generated R species cannot be reduced back to O on
the substrate surface. As a result, the current will decrease as the tip moves closer to the
substrate, known as negative feedback. By overlapping the experimental probe approach
curves (PAC) with simulated ones, it helps determine the tip-to-substrate distance7.
Positive Feedback.
When the substrate is electrically conductive, process 1.3 will happen in the
substrate surface:
R - ne- → O

(1.3)

The diffusion of the O species from bulk solution to the tip surface is still blocked
by the substrate. The R species, however, will get oxidized again on the sample surface
because of its conductive characteristic. Thus, the redox mediator will get cycled and
enhance the O species flux near the probe surface, which will amplify the current. The
largest tip response is observed when the O species regeneration on the substrate surface
is limited by mediator diffusion in the tip-substrate gap. The increase in tip current
directly corresponds to the decreased distance to the substrate, also known as positive
feedback.
If the substrate is a semiconductor, which is not totally conductive, the recorded
PACs are between the pure negative and positive feedback PACs. Theoretical PACs
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have allowed the measurement of the rate constant at the substrate surface, in which the
chemical nature of substrate can be quantified4.

Figure 1.3 Basic principles of feedback modes for SECM operation. A) Hemisphere
diffusion to the UME positioned far from the substrate. B) Negative feedback,
hindered diffusion by insulating substrate. C) Positive feedback, regeneration of Ox
near conductive substrate surface.

1.2.3 Substrate-Generation/Tip-Collection (SG/TC) Mode
The SECM can also be conducted in SG/TC mode, in which the concentration
gradient of a species generated by the substrate is monitored by the probe11. When the
probe is positioned far away from the substrate, this theory assumes no feedback is
applicable. The tip current can be calculated according to Equation 1.2 and the local
concentration of the substrate generated species will be determined. When the tip is
brought to close proximity, quantitative analysis becomes complicated because the
moving tip stirs the diffusion layer of the substrate12. For this reason, most experiments
operated in this mode employ a relatively small probe, which is positioned far from the
substrate. This mode is used to detect the concentration of generated electroactive
species near sample surface. In the suspension of living cells, cells would generate
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oxygen species themselves, current information on the tip surface is collected while no
potential is applied to the substrate, differing from traditional SG/TC mode.

1.2.4 Constant Height Mapping
Constant height mode is commonly utilized to obtain substrate images. In this mode,
the tip remains at a certain height in the Z axis and remains the same during the whole
imaging process. A three-dimensional image can be obtained by moving the tip across
the sample surface along the X and Y axis and plotting the current as a function of tip
location (shown in Figure 1.4).

Figure 1.4 Constant height imaging mode in SECM
In modern SECM instruments, the spatial resolution of piezo and inchworm motors
are higher when compared with the SECM tip size (usually 2 to 25 µm)6. Therefore, the
lateral resolution is mainly governed by the probe size. The smaller the tip, the higher
resolution can be obtained in the images. The shape of UME also affects the resolution.
Generally disk-shaped tips have a higher resolution than other types of electrodes.
Besides size, the tip-to-substrate distance is another key factor; close proximity is needed
for a high resolution image. But it is quite difficult to measure the current or scan the tip

7

at close distance with a small tip because of stray vibrations, irregularities or the tilt of
the sample.
The minimum scan range is determined by the tip size while the maximum is set by
the physical limitation of the positioning device. If the substrate is flat enough, chemical
information can be directly received from constant height images because the
topographic signals will be negligible. Constant distance mode can be applied to separate
the topographic signal and chemical reaction signal when the substrate is rough or uneven.

1.2.5 Constant Distance Mapping
In constant distance operation mode, the tip-to-substrate distance is kept at a
constant value. The tip can be adjusted by several means according to the surface
topography and can be moved vertically. The simplest way to do constant distance
mapping is with constant current mode13-14. The constant current images reflect the
surface topography of the substrate when the substrate consists only of insulating or
conducting materials. If the substrate is semiconductor, constant current images can be
collected with tip position modulation (TPM) mode15-16.
Another electrochemical way is to use alternating current (AC) impedance between
the tip and substrate as a feedback17-19. In this mode, the resistance between the tip and a
counter electrode can be measured by applying a high frequency alternating potential. A
redox mediator is not necessary in AC-SECM.
One useful method to adjust the tip-to-substrate distance is to test the shear force
between the tip sheath and the sample surface20-21. In this technique, the dampening of
the oscillation results from shear forces between the tip and the sample surface is
monitored. Tip-to-substrate distance is controlled when the probe is vibrated in the
vicinity of the substrate.

1.2.6 Depth Scan
Depth Scan is another useful imaging mode in SECM, and is newly developed in
Ding's group22. Depth images can be obtained by plotting the current vs. the X and Z or
Y and Z position.
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Figure 1.5 A) SECM single image of Au interdigitated electrode array using a
25 μm Pt UME with RG = 2. The image is 80 μm× 80 μm with 256 pixels × 256
pixels. B) SECM depth scan image of Au interdigitated electrode array using a 25
μm Pt UME with RG = 2. The scan depth is 120 μm and width is 80 μm with 128
pixels × 128 pixels.
Single images and depth scans were conducted by me on the Au interdigitated
electrode array with 0.9 mM Fc solution as the redox mediator to test the effectiveness of
this technique. The results are shown in Figure 1.5. The brighter areas represent higher
currents as shown in the scale bar. They were recorded when the electrode moved
towards the conductive Au bands due to the reduction of Fc+ on Au surface. When the
electrode moved towards the glass bands, lower currents were measured due to the
blockage of Fc diffusion by the insulating surface. The resolution shown in Figure 1.5B
is quite low because of the large size of the electrode and a large tip-to-substrate distance.
Therefore, quantitative analysis was difficult to carry out in this case due to the size effect.
However, both images showed clearly indicate the alternating structure of glass bands
and Au bands.
In the depth scan, a set of probe approach curves can be extracted from the image,
which could be used to study the localized surface reactivity. The amounts of PACs to be
plotted can be as many as the number of pixels in the X or Y axis from one depth image.
In the traditional method, the probe will be brought down to the substrate for only one
approach curve. However, repeated experiments for more curves on other spots waste.
Moreover, there is an increased risk of breaking the electrode or scratching the substrate
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with repeated measurements. With the adoption of depth scanning method, it is possible
to get more than one hundred PACs in 5 minutes. Depth imaging allows for an efficient
and effective method for plotting PACs.

1.3

Applications of SECM
Over the last over 20 years, the field of SECM has progressed substantially and this

method has been used in many areas.
chemical and biochemical kinetics

23-26

It is now a powerful analytical method for

, for high-resolution imaging of the chemical

reactivity and topography of various interfaces23,27, and micrometre scale structuring and
reading at various interfaces28.

1.3.1 Characterization of an Ultramicroelectrode
SECM can be used to characterize the state of the surface of an ultramicroelectrode.
This is typically hard to control, especially if the electrode has a radius smaller than 1 µm.
However, in paper published by Bard's group, probe approach curves are used to identify
recessed tips and other types of electrodes showing different behaviours29. With the help
of SECM, the nm-thick solution layer between the substrate and the electrode can be
applied in single molecule detection30-31.

1.3.2 Kinetics of Electron Transfer
The feedback mode of SECM can be applied to study the electron transfer process
under steady state conditions for two reasons: the uncompensated IR drop is negligible
and the mass transfer is quick enough10.

Theoretical approach curves for different

heterogeneous rate constants for conversion of R species to O species at the substrate
were discussed in literature. Curves were presented according to the combined effects of
regeneration and blocking of redox species4. Also, rate constants for homogeneous
reactions can be determined from the steady state feedback mode or SG/TC operation
mode32. In Figure 1.6 A plot of feedbacks with different rate constant are shown.
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Figure 1.6 A plot of feedbacks with different rate constant
Monitoring of ion and electron transfer processes at the liquid/liquid interface is
another application of SECM. The kinetics of heterogeneous electron transfer (ET) as a
function of the driving force at the interface between two immiscible electrolyte solutions
was investigated33. SECM is also a useful means of studying the effect of ionic strength
on the kinetics of heterogeneous ET33.

1.3.3 Biological Systems
SECM is capable of imaging live cells, monitoring respiration, studying redox
enzymatic reactions, proteins and DNA.
In 1990, the photosynthetic activity of a variety of plant leaf structures were studied
by monitoring the concentration profiles of oxygen that evolved during photosynthesis
and their topography via negative feedback imaging using potassium ferricyanide34.
Since this first successful application of SECM to a biological substrate, the technique
has been considerably refined and applied to a variety of biological systems.
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The first approach to monitoring cellular activity by SECM is based upon
monitoring the depletion of molecular oxygen in the immediate environment of cells as
they respire35. It is believed that oxygen moves down a concentration gradient and is
consumed by the cell from the bulk solution to cell surface.

Figure 1.7 A) In bulk solution, faradaic current is maximal at the applied potential
and diffusion controlled; however, when brought into close proximity to a cell or a
raised region of the specimen surface the diffusion of the mediator to the UME is
hindered and negative feedback is observed. (B) When interrogating stomatal
behaviour, an increase in tip current is observed over oxygen-generating regions of
the specimen surface36.
If an electrode is placed in close vicinity to a respiring cell, the faradaic current
arising from the reduction of oxygen near the specimen will be less than that recorded by
the electrode in bulk solution (shown in Figure 1.7A). Conversely, if a cell is producing
oxygen, as in the case of a photosynthetic cell, oxygen concentration around the cell
increases (shown in Figure 1.7B)35-36.
Recently many SECM studies on live cells were reported by several groups. In
Bard's group, the oxidative stress induced by menadione on HeLa cells was investigated37.
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The effects of Fc and Ag ion on HeLa cells38, changes in HeLa cell morphology,
membrane permeability, and viability caused by the presence of Triton X-100 (TX100)
were also studied by SECM39. SECM was employed in Matsue's group to acquire highquality topographical and electrochemical images of living cells simultaneously14, and
improve sensitivity of detection for immobilized enzymes by using a constant-distance
mode40. Recently a report of the successful imaging of live cells using pyrolytic carbon
nanoelectrodes with an effective radii of 6.5-100 nm has also been published14.
In Ding's lab, a label-free platform for monitoring the changing morphology of live
cells in real time has been accomplished41. ROS released from live macrophage cells
(RAW264.7) without any addition of external redox mediators has also been detected42.
Quantitative studies of the extracellular ROS profile of a T24 single cell by comparison
of experimental and simulated probe approach curves have also been accomplished22.

1.4

Thesis Scope
It has been introduced that scanning electrochemical microscopy is a powerful

analytical technique. Based on the advanced custom-built SECM instrument utilized in
this thesis project, metal samples and single live cells are to be investigated.
In Chapter 2, some other experimental techniques are introduced and simulation
models are built in order to obtain theoretical probe approach curves.
In Chapter 3, studying the surface reactivity by investigating the same surface area
of a nickel sample using SECM, SEM and ToF-SIMS techniques together are discussed.
The microstructure of the sample surface will also be studied.
In Chapter 4, human bladder cancer cell will be studied using the SECM technique.
A fundamental investigation of electrochemical behaviours of reactive oxygen species
will be carried out in aqueous solution. Quantitative studies of hydrogen peroxide and
oxygen release will be measured by overlapping experimental and theoretical PACs.
Finally, conclusions of the above work are provided and future work is considered in
Chapter 5.
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Chapter 2 Experimental Methods and Simulation Models
2

2.1

Experimental Methods

2.1.1 Cyclic Voltammetry
Cyclic voltammetry is a type of potentiodynamic electrochemical measurement that
is generally used in electrochemical experiments to study the properties of an analyte in
the solution. Many applications of this useful technique are introduced in many papers
and books1-3.
In cyclic voltammetry, the electrode potential ramps linearly with time, the voltage
is swept between two values (as shown in Figure 2.1A) at a fixed rate. In a threeelectrode system, potential is applied between working electrode and reference electrode,
meanwhile current between working electrode and reference electrode will be recorded as
a function of potential. The analytes will be reduced (or oxidized) when potential pasts
beyond some point in the potential range. In Figure 2.1B, the current increase as the
potential reaches the oxidation potential of the analyte, but then falls off as the
concentration of the analyte is depleted close to the electrode surface. If the redox couple
is reversible then when the applied potential is reversed, it will reach the potential that
will reduce the product formed in the first oxidation reaction, and produce a current of
reverse polarity from the forward scan. Here pa represents for the potential of anodic
peak while pc is the potential of cathodic peak. Peak current ( Ip ) can be expressed by
the Randles-Sevcik expression for reversible CV:

I p  0.4463(

1
1
F 3 12 32
) n AD 2 C v 2
RT

(2.1)

Here, n is the stoichiometric number of electrons transferred in the tip reaction, F is the
Faraday constant, D is the diffusion coefficient of the redox molecule in the bulk solution,
A is the disk radius, and  is the scanning rate.
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Figure 2.1 A) cyclic voltammetry waveform; B) idealized cyclic voltammetry for a
large electrode where cathodic and anodic peak are showed respectively for a
reversible reaction; C) typical S-shape cyclic voltammetry for ultramicroelectrode
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When the electrode size is decreased into micrometer scale, a totally different
current-potential response is observed, as shown in Figure 2.1C. Because of the effect of
hemispherical diffusion of redox species from bulk solution to the electrode surface, a
steady state can be obtained. There is almost no hysteresis when compared with normal
electrode CV. The formal potential of the redox reaction can be determined from the
half-wave potential1, the steady state current (iT,∞) can be calculated by
iT,∞ = 4nFDca

( 2.2)

The CVs for ultramicroelectrode are used as an easier way to judge the quality of
ultramicroelectrode. They can also be employed to determine the concentration and
diffusion coefficient of redox species.

2.1.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
(EDX) Analysis
SEM is a type of microscope that uses a beam of high-energy electrons to image a
sample. The examined area is irradiated with a finely focus ion beam, which can scan the
sample in a raster scan pattern. Information about the sample's surface topography,
composition, and other properties such as electrical conductivity is obtained from the
signals produced through the interaction between the electrons and atoms. The types of
signals produced contain backscattered electrons, secondary electrons, characteristic xrays, specimen current, transmitted electrons and photons of various energies4.
Secondary electrons imaging is the most common detection mode, which can yield
high-resolution images of sample surface. SEM micrographs also have a large depth of
field producing a characteristic three-dimensional appearance useful for understanding
the surface structure of a sample due to the narrow beam.
EDX is an analytical technique which relys on the investigation of an interaction of
some source of X-ray excitation and a sample. It can be used for the quantitative
elemental analysis or chemical characterization of a sample.

According to the

fundamental principle, each element has a distinct atomic structure allowing unique set of
peaks on its X-ray spectrum4. The characterization capabilities of EDX are due largely to
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this principle. As the energies of the X-rays are characteristic of the difference in energy
between the two shells, and of the atomic structure of the element from which they were
emitted, this allows the elemental composition of the specimen to be measured4.

Figure 2.2 Basic principle of EDX
In Figure 2.2, basic principle of EDX is introduced. The inner shell electron is
knocked off by the energetic incoming electron and a hole will be left behind. When
outer shell electron comes to fill the inner shell hole, characteristic X- rays are emitted.

2.1.3 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
Analysis
ToF-SIMS is a surface-sensitive analytical method. Small numbers of atoms and
molecules from the very outermost surface of the sample are removed by a pulsed ion
beam and ionized species will be detected.
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Typically, ToF-SIMS consists of several parts5: 1) Primary ion sources. Normally
three types of ion sources are applied, which include ions of gaseous elements, for
instance oxygen, the surface ionization source such as cesium and the liquid metal ion
source. 2) High vacuum sample chamber. Generally the pressure is below 10-4 Pa to
ensure that there is no collision between secondary ions and background gases. 3) Mass
analyzer, which separates the ions according to their velocity and detects all generated
secondary ions simultaneously. 4) Ion detector system.
The secondary ions produced in the sputtering process are extracted from the sample
surface and accelerated into a flight tube. Their mass is determined by measuring the
exact time at which they reach the detector because velocities are proportional to the ions'
mass/charge ratio6-8. ToF-SIMS is widely used in studies of materials such as polymers9,
pharmaceuticals10, and self-assembled monolayers11.

Figure 2.3 Schematic representation of the ToF-SIMS system7.
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Three operational modes are commonly available using ToF-SIMS:
A) A mass spectrum that surveys all atomic masses over a range of 0-10,000 amu;
B) The rastered beam produces maps of any mass of interest on a sub-micron scale;
C) Depth profiles are produced by removal of surface layers by sputtering under the
ion beam.

2.2

Simulation Models

2.2.1 COMSOL Model for Nickel Sample
2.2.1.1

General Theory and Geometry

At the beginning of my experiments, Fc exists in the bulk solution. According to
equation 2.2, it will be oxidized to Fc+ when the applied potential on the tip is more
positive than 0.35 V. In a conductive substrate surface, the generated Fc+ species would
be reduced to Fc again:
Fc+ + e- → Fc (on the substrate, k)

(2.3)

In this case, the electrochemical process at the probe tip is under diffusion control.
The tip current can be calculated by equation 2.2.
The reaction rate of Fc at the tip is related to the diffusive flux by the following
equation:

  2c(r , z ) 1 c(r , z )  2c(r , z ) 
c(r , z )
 D


0
2
t
r r
z 2 
 r

(2.4)

where c(r, z) is the local Fc concentration and the initial condition is given by:
c(r, z) = c0, t = 0
where t is the time.

(2.5)
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The geometry of simulation model is shown in Figure 2.4; the red dashed line is the
symmetry axis, right side is used in the model. The diameter of the electrode was
adjusted according to my homemade UME used. The size of active spots (radius of
active spots, rs) was estimate from the scale of SECM images.

In my simulation,

cylindrical coordinates were used and point 1 was set as the origin of the coordinate axes.
The r axis is parallel to the UME disk surface while Z axis is vertical to R axis. It was
assumed in the model that there were no more active spots around it and the active spot
center was at the symmetry axis.

The other parts of substrate can be adjusted to

insulating or conductive to meet different demands in the simulation. The tip geometry
was set to be similar to my true ultramicroelectrode. The first normalized distance was
set at 20. The coordination of points 1-9 is shown in Table 2.1, and all the values are
normalized by the radius of the electrode.
Table 2.1 The coordinates of points 1-9 in Figure 2.4 simulation geometry
Point

1

2

3

4

5

(r,z)

(0,0)

(1,0)

(RG,0)

(RG+10,RG+10)

(20,100)

Point

6

7

8

9

(r,z)

(200,100)

(200,-d)

(rs,-d)

(0,-d)
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Figure 2.4 The geometric arrangement of simulation model. The coordinates for
points 1-9 are in Table 2.1.

2.2.1.2

Boundary Conditions

For an irreversible reaction at the nickel sample surface, the boundary condition on
active spot surface is expressed as12:

 cr , z 
D
 k c0  cr ,d  (0 < r < rs, z= -d)
 z  z  d

(2.6)

Where the origin is at the center of the disk electrode, -d represents the UME-tosubstrate distance, r and z are the radial and height distance axes in two dimensional
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cylindrical coordinates, respectively. In Eq 2.6, rs represents the radius for active spot.
The bulk Fc concentration is c0 and c(r,-d) is the Fc concentration function in the gap
between the UME and substrate. The Fc+ concentration was equal to c0-c(r,-d), assuming
Fc was oxidized to Fc+ completely at the UME.
The other boundary conditions can be expressed by:
c(r ,0)  0,0  r  1 (tip surface)

(2.7)

 c(r , z ) 
 z   0
z 0

(2.8)

1 < r < RG (insulator)

10  RG
 c(r , z ) 
 c(r , z ) 
 z   0 and  r   0 z  20  RG (r  RG )

RG  r  20 (insulator)
 c(r , z ) 
 0 (10+RG) < z < 100 (insulator)
 r 
r  20

(2.9)

(2.10)

c(r,z) = c0, 20 < r < 200, z=100, and r=200,
-d<z<100 (simulation space limit)

(2.11)

 c(r , z ) 
 0 rs < r < 200 (insulator)
 z 
z  d

(2.12)

 c(r , z ) 
 r   0 -d < z < 0 (symmetric axis)
r 0

(2.13)

The SECM diffusion was solved in a dimensionless form so that some parameters
are normalized:
R = r/a,

(2.14)

Z = z/a,

(2.15)
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C = 1- c/c0,

(2.16)

K = k0a/D

(2.17)

For a PAC with a fixed k, the tip currents corresponding to more than 20 tip-tosubstrate distances, d, were calculated according to
 c(r , 0) 
iT  2 nFD  r 
 dr

z

0
a

(2.18)

Normally 15 to 20 points are necessary for one simulating theoretical probe
approach curve. By superimposing the experimental PACs with ones simulated by the
COMSOL software, the chemical reactivity of sample substrate could be studied
quantitatively13.

2.2.1.3

Simulation Results

Figure 2.5 Simulated PACs with different k values when RG=3
In Figure 2.5, a series of simulation results of a tip toward active spots was plotted.
When the substrate is totally insulating, the reaction rate constant is 0 (shown as the red
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line in Figure 2.5). In contrast, if the substrate is conductive, the rate constant can be
considered to be infinite and probe approach curve shown in black line in Figure 2.5. A
lot more reactions happen between these two limited cases and show partial positive or
partial negative feedbacks. The value of rate constant above sample surface can be found
from overlapping experimental PACs and simulation ones.

2.2.2 COMSOL Model for Live cells
2.2.2.1

General Consideration and Geometry

In a live cell's environment, generated O2 and H2O2 can diffuse through the
membrane freely. First in step 1, the generated and dissolved O2 in the bulk solution is
reduced to H2O at the tip surface when the potential is biased at -0.60 V versus a
Ag/AgCl reference electrode14:
O2 + 4 H+ + 4 e- → 2 H2O

(2.19)

The concentration of dissolved O2 in aqueous solution is 0.20 M15. It will not
change since the solution is air-saturated and the amount of generated oxygen is small16.
The stationary diffusion of the O2 in the solution can be expressed as the following
equation:

  2c1 (r , z ) 1 c1 (r , z )  2c1 (r , z ) 
c1 (r , z )
 D


0
2
t
r r
z 2 
 r

(2.20)

where c1(r, z) is the local O2 concentration and the initial condition is given by:
c1(r, z) = c0, t = 0

(2.21)

The UME current can be calculated by equation 2.2 in the diffusion control process.
In step 2, I biased the electrode at -0.80 V, at which potential both oxygen and
hydrogen peroxide are reduced:
H2O2 + 2 H+ + 2 e- → 2 H2O

(2.22)
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The stationary diffusion of the H2O2 in the solution can be expressed similarly:

  2c (r , z ) 1 c2 (r , z )  2c2 (r , z ) 
c2 (r , z )
 D 2 2


0
t
r
r
z 2 
 r
(2.23)
c2(r,z) is the local hydrogen peroxide concentration given by:

c2 (r , z )  0.01c0 , t  0

(2.24)

The H2O2 contribution to the UME current can be calculated by the following
equation in the diffusion control process:
iT ,  4n1FD1c0 a  0.04n2 FD2c0 a

(2.25)

where n and n2 is the number of electrons transferred in the tip reaction (here, n1 = 4, n2 =
2), D1 and D2 is the diffusion coefficient of species O2(2.51 × 10-5 cm2/s) and H2O2 (2.35
× 10-5 cm2/s17), a is the tip radius, and c0 is the concentration of O2 in the bulk solution
(0.20 mM15).
I also did the simulation when the potential was held at 0.70 V, at which potential
H2O2 and Fc species were oxidized.
The stationary diffusion of the H2O2 in the solution can also be expressed as:

  2c (r , z ) 1 c2 (r , z )  2c2 (r , z ) 
c2 (r , z )
 D 2 2


0
t
r
r
z 2 
 r

(2.26)

The reaction rate of Fc at the tip is related to the diffusive flux by the following
equation:

  2c(r , z ) 1 c(r , z )  2c(r , z ) 
c(r , z )
 D


0
2
t
r r
z 2 
 r

(2.27)
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The UME current can be calculated by the following equation in the diffusion
control process:
iT ,  4nFDca  0.04n2 FD2c0 a

(2.28)

where n is the number of electrons transferred in the tip reaction (here, n=1), D is the
diffusion coefficient of species Fc, c is the concentration of Fc solution, other parameters
are the same as equation 2.25.
The schematic geometry for simulation model is shown in Figure 2.6, in which the
red dash line is the symmetry axis. The coordination of points 1-9 is shown in Table 2.1,
all the values are normalized by the radius of the electrode. I used homemade 10 µm
ultramicroelectrode with a RG = 3 as the SECM probe and the size of live cells were
determined by the video camera. Cylindrical coordinates was used and axes parameters
are the same as previous model. The first normalized distance was set at 20.
Table 2.2 The coordinates of points 1-9 in Figure 2.6 simulation geometry
Point

1

2

3

4

(r,z)

(0,0)

(1,0)

(RG,0)

Point

6

7

8

9

(r,z)

(200,100)

(200,-d)

(rs,-d)

(0,-d+h)

5

(RG+10,RG+10) (RG+10,100)
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Figure 2.6 The schematic geometry of the simulation model in 2D axial symmetry.

2.2.2.2

Boundary Conditions

My simulation consists of three steps: 1) Determine oxygen concentration at -0.60 V;
2) Calculate hydrogen peroxide concentration at -0.80 V using the value of O2
concentration found in previous step; 3) Determine hydrogen peroxide concentration at
0.70 V.
Oxygen can be generated by the cells and reach equilibrium at the surface of single
cells on both sides of membrane. So the boundary condition at the nucleus region can be
expressed by:

c1 (r , z )  c0

(2.29)

In step one for isolated single cells, the other boundary conditions are expressed as:

c1 (r ,0)  0,0  r  1 (tip surface)

(2.30)
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 c1 (r , z ) 
 z   0
z 0

1 < r < RG (insulator)

(2.31)

 c1 (r , z ) 
 c1 (r , z ) 
 z   0 and  r   0 0  z  10,

RG  r  RG  10

(insulator)

 c1 (r , z ) 
 0 10  z  100 (insulator)
 z 
r  RG 10

(2.32)

(2.33)

c1  r , z   c0 , 20 < r < 200, z=100, and r=200,
-d<z<100 (simulation space limit)

(2.34)

 c1 (r , z ) 
 0 rs < r < 200 (insulator)
 z 
z  d

(2.35)

 c1 (r , z ) 
 r   0 -d < z < 0 (symmetric axis)
r 0

(2.36)

For a PAC with a fixed c0, the tip current was calculated according to:
 c (r , 0) 
iT  2 n1FD1  r  1
 dr

z

z
0
a

(2.37)

where n1 is the number of electrons transferred in the tip reaction (here, n = 4), F is the
Faraday constant, D1 is the diffusion coefficient of species O2 (2.51 × 10-5 cm2/s18), a is
the tip radius..
When the tip was biased at -0.8 V, both the H2O2 and O2 were reduced at the tip
surface. The boundary conditions for oxygen are the same as previous step except that
the concentration on cell surface is fixed at the calculated c0 in step one. The boundary
condition at the middle of cell for H2O2 is:
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c2 (r , z )  c2

(2.38)

The other boundary conditions for H2O2 are shown below:

c2 (r ,0)  0,0  r  1

(tip surface)

(2.39)

 c2 (r , z ) 
 z   0
z 0

1 < r < RG (insulator)

(2.40)

 c2 (r , z ) 
 c2 (r , z ) 
 z   0 and  r   0 0  z  10,

RG  r  RG  10 (insulator)

(2.41)

 c2 (r , z ) 
 0 10  z  100 (insulator)
 z 
r  RG 10

(2.42)

c2  r , z   0.01 c0 , 20 < r < 200, z = 100, and r=200,
-d < z < 100

(simulation space limit)

(2.43)

 c2 (r , z ) 
 0 rs < r < 200 (insulator)
 z 
z  d

(2.44)

 c2 (r , z ) 
 r   0 -d < z < 0 (symmetric axis)
r 0

(2.45)

For a PAC with a fixed c2, the tip current was calculated as:
 c (r , 0) 
 c (r , 0) 
iT  2 n1FD1  r  1
dr  2 n2 FD2  r  2
dr

z  z
z  z
0 
0 
a

a

(2.46)

Furthermore, when the potential was turned to 0.70 V, H2O2 and Fc oxidized on the
tip surface. The boundary conditions for H2O2 are the same as those in step two. For Fc
redox mediator, pure negative feedback should happen. For a PAC with a fixed c2, the
tip currents corresponding to more than 20 tip-to-substrate distances were calculated by
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 c (r , 0) 
 c(r , 0) 
iT  2 n2 FD2  r  2
dr  2 nFD  r 
dr

z  z
z 
0 
0 
a

a

(2.47)

The SECM diffusion was solved in a dimensionless form so that some parameters
are normalized:
R = r/a,

(2.48)

Z = z/a

,

(2.49)

C = c1/c0,

(2.50)

C2 = c2/c0

(2.51)

2.2.2.3

Simulation Results

Figure 2.7 Simulated PACs for different concentrations of hydrogen peroxide and
oxygen in aqueous solution.
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Figure 2.7 shows several simulation results of a probe moving down toward live
cells. By overlapping the simulations with experimental data I got, quantitatively studies
of reactive oxygen species near cell surface can be carried out.

2.3

Conclusions
In this chapter, I have described several surface analytical techniques used in my

experiments excluding SECM. The simulation modes developed by COMSOL software
have been presented.

Parameters are explained in detail and successful results of

simulating are displayed.
By overlapping experimental ones and simulated PACs, rate constant of nickel
sample surface can be successfully determined. Also, concentrations of H2O2 and O2 can
be obtained at both positive and negative potential sides.
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Chapter 3 Investigation of Grain Structures and Surface Reactivity
of Nickel Sample Using SECM
3.1

Introduction
Nickel is commonly used to produce stainless steel and special alloys. It is an

essential ingredient in the products we use every day, including electronics, construction
materials and more1-2. The pure nickel samples studied were commercial ones from Vale
Inco Company, which were extracted and purified by the carbonyl and electrolytic
processes3-4.

In this process, carbon monoxide complexes with nickel easily and

reversibly to generate nickel carbonyl Ni(CO)4. In the end, pure nickel is re-obtained
from decomposition of nickel tetracarbonyl. During the process, small, hot pellets are
dropped through the carbonyl gas. Several pure Nickel layers get deposited onto the
pellets5. Although the nickel was reported to be 99.9% pure, it could not be totally
dissolved in acidic solution. It is proposed that the grain boundary structures on the
nickel surface might be the influencing factor.

So, SECM and other studies were

employed to investigate the composition and chemical reactivity of the nickel sample
surface.
For a fresh nickel metal surface, it is easy to form a passive film with nickel oxide as
the main component6. The most common oxidation state of nickel is +2, but nickel has
many other oxidation states like 0, +17, +3, and +48. Passive oxide film acts as an
insulator or a wide band semiconductor with a band-gap of 3.6 eV9. Deviations from
stoichiometry (NiO1+x

(0<x<1))

provide the passive oxide film p-type semiconductor

characteristics, due to the presence of nickel vacancies9-10.
Scanning electrochemical microscopy (SECM) is one of the scanning probe
microscopy (SPM) methods11. It is now a powerful analytical method for micro-scale or
sub-micro-scale imaging of the chemical reactivity and topography of various
interfaces12-18, since electrochemical information can be provided in situ at micro-scale or
sub-micro-scale.

SECM has the ability to investigate electrons and ions transfer

processes at the interface between substrates and contacting electrolyte solutions11,19.
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Normally a Pt ultramicroelectrode (UME) is used as the SECM tip.

In my

experiment, a Fc/Fc+ redox pair is used as the mediator. Fast electrochemical reaction of
Fc oxidation happens on the tip surface when a constant positive potential is applied to it.
Constant height mode is employed to obtain substrate images. In this mode, the tip will
move at a fixed height in the Z axis whilst a three-dimensional image is obtained by
moving the tip across the sample surface along the X and Y axes and plotting the current
as a function of tip location. When the tip is at close proximity to the substrate, the
current is perturbed by the substrate through either dominant regeneration of the reacted
species from the tip or blockage of the diffusion. The resolution is mainly determined by
tip radius and the distance between the tip and substrate. It is quite difficult to measure
the current if the tip proximity is small or a small tip is used since stray vibrations,
irregularities or tilt of the sample can generate interference.
In this chapter, SECM was employed to study the surface structures and chemical
activity of nickel sample. Fc/Fc+ was used as the redox pair in a 0.1 M Na2SO4 solution.
The SECM feedbacks brought chemical information, which determined the passive and
active spots. Multiple potentials were applied on the nickel sample to investigate redox
behaviour of nickel oxide film and also grain boundary properties.
SEM, EDX and ToF-SIMS were applied to image the surface for comparison and
detect potential metal impurities. By superimposing the image results, SEM, EDX, and
ToF-SIMS results can be correlated with reactivity measured by the current in SECM
images of the same area.

3.2

Experimental Section

3.2.1 Chemicals
Ferrocenemethanol (Fc, 97%) was bought from Sigma-Aldrich (Mississauga, ON).
Sodium Sulfate (Na2SO4) was obtained from Caledon Laboratories Ltd., (Georgetown,
Ontario). Platinum wires were purchased from VWR (Canada). Ultrapure deionized
water (Milli-Q, Millipore, Bedford, Massachusetts, 18.2 MΩ resistivity) was used to
prepare all aqueous solutions.
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3.2.2 Platinum
Ultramicroelectrode
Characterization

(Pt-UME)

Fabrication

and

The platinum UMEs with 5 µm, 10 µm or 25 µm in diameter were prepared by
sealing Pt wires (Goodfellow Metals, Cambridge, UK) of corresponding diameter into a
glass capillary (o.d.:2 mm; i.d.:1 mm; length: 5 cm, Sutter Instrument, Novato, CA, USA)
pulled with a heating-coil puller (PP-83, Narishige, Japan). The pulled end of the glass
capillary was then cut back to expose the platinum disk. The electrode tip was polished
with a FibrMet abrasive disc (0.05 Micron Al2O3, Buehler, ON, Canada) spinning on a
used computer hard drive disk to gain a smooth surface while also being trimmed down
to the desired RG values (RG = ratio of the glass radius to the platinum disk radius). The
finished UMEs were characterized by cyclic voltammetry in 0.9 mM Fc before SECM
experiments. The RG values were controlled to 5 – 6 for 5 μm diameter Pt UME, 3-4 for
10 μm diameter Pt UME and ≤ 2 for 25 μm diameter Pt UME. Normally, three methods
were used to characterize the Pt-UMEs: microscopic videography, cyclic voltammetry
(CV) and Probe Approach Curves (PACs).

3.2.3 SECM Instrumentation
Detailed information about my custom-built SECM instrument has already been
published elsewhere14,20. In brief, it has three major components: the electrochemical
system (electrochemical analyzer, CH 832A, CH Instruments, Austin, TX); the closedloop positioning system (FREEDOM 1500-3 Nano Robot system, EXFO Burleigh
Products Group, Inc., Canada), and the active data acquisition system, which consists of a
computer loaded with homemade virtual instruments (VIs) programmed in LabVIEW
(Version 7, National Instruments, Austin, TX), a general purpose interface bus (GPIB)
board (PCIGPIB, National Instruments) to communicate with the 8200 controller, and a
16-bit DAQ card (PCI-6052E, National Instruments) with a connection board (BNC-2090,
National Instruments). The electrochemical and positioning systems were built together
in a Faraday cage to isolate external electrical noise. The constant height mode was used
for imaging where the UME current was recorded versus lateral coordinates at a fixed
height in the vicinity of the nickel sample. All the experiments were performed at room
temperature. It typically took 12 min to finish each 128 × 128 pixel image.
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3.2.4 SECM Experiments
The sample was clamped between two pieces of Teflon in the specifically designed
electrochemical cell, which was mounted on the platform of my SECM setup. The area
of the nickel sample exposed to the solution was about 0.50 cm2. 0.9 mM Fc in 0.1 M
Na2SO4 solution was added into the cell as the mediator. The 10 μm Pt UME was biased
at 0.4 V vs Ag wire reference electrode and Pt wire was used as the counter electrode.

3.2.5 SEM and EDX Analysis
SEM imaging, EDX analysis, and EDX mapping experiments were carried on an
electron microscope (Leo 1540FIB/SEM with CrossBeam, Zeiss Nano Technology
Systems Division). Micrometer scale crosses and lines were etched by a focus ion beam
(FIB) on the same microscope.

3.2.6 ToF-SIMS Analysis
Tof-SIMS was performed using an ION-TOF (GmbH) TOF-SIMS IV equipped with
a Bi liquid metal ion source. Elemental surveys, elemental mapping and depth profiles
were run on first nickel sample. The details of instrumentation and operation procedure
were described in a previous publication21.
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3.3

Results and Discussion

Part 1
3.3.1 SEM imaging, EDX Mapping and EDX Analysis
Figure 3.1 shows a SEM micrograph of a well polished nickel specimen. The lowmagnification SEM image in Figure 3.1 shows that the surface is quite uniform without
defined grain structures, but instead darkly shaded spots are clearly visible on the surface.

Figure 3.1 A typical SEM image of a polished Ni sample surface.
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Figure 3.2 Magnified SEM image (a) and EDX maps for C (Kα1_2) (b), O (Kα1) (c)
and Ni (Lα1_2) (d).
Figure 3.2a shows SEM of one random zoomed-in shaded area. The distribution of
elemental nickel and the potential impurities were examined by EDX analysis. The maps
of C (Kα1_2), O (Kα1) and nickel (Lα1_2) are shown in Figure 3.2b-d. Bright colour
means the accumulation of specific elements.

In high resolution SEM map, some

shallow holes were found on the surface. By comparing the EDX mapping images with a
magnified SEM image, it can be demonstrated that carbon is easily enriched in the darkly
shaded areas. No other metal impurities were found in this sample. For the convenience
of subsequent experiments, four crosses and several lines were marked on the sample
with focus ion beam.

3.3.2 PACs to the Ni Surface at Open Circuit Potential (OCP)
Since the nickel sample was covered with a nickel oxide thin film with a band gap of
about 3.6 eV, it should be non-conductive. When the UME probe approached to the
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nickel sample surface, negative feedback is expected. During the experiments, the UME
tip was biased at 0.4 V in order to oxidize Fc to Fc+ (Reaction 3.1) and to get steady state
current.
Fc → Fc+ + e- (on tip)

(3.1)

Figure 3.3 shows a typical negative PAC acquired using a 10 μm UME with a RG
value of 3.0. The experimental curve agrees well with the simulation curve, which
demonstrates the expected insulating property of the oxide thin film on the surface.

Figure 3.3 A representative SECM approach curve at the Ni sample surface at 1.0
μm/s, in 0.9 mM Fc solution with 0.1 M Na2SO4 solution as the supporting
electrolyte. The Ni sample was at OCP. The 10 μm Pt UME has a RG = 3. The tip
was biased at 0.4 V vs Ag. The Exp_Data fits well with the simulated pure negative
feedback ( Sim_Data), which means that Fc+ could not be reduced on sample surface.
Fc+ cannot be reduced back to Fc on the sample surface because its diffusion is
blocked by the oxide film insulating substrate. The distance between the UME tip and the
nickel sample surface can be determined by the normalized current from such PACs. Each
time the electrode is halted in Z direction, a normalized current of 0.46 was reached,
translating to a tip-to-substrate distance of approximately 3 μm. RG values affect the
PACs directly, so it is important to unify RG values across various UME probes. To get
more sensitive results, the tip should approach the surface as close as possible. On the
other hand, the distance cannot be too small in case the substrate is tilted. According to
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my experience, for a 10 μm Pt UME with RG = 3.0, the tip-to-substrate distance should be
kept at about 3 μm. In this distance the scanning lateral range reaches 150 μm × 150 μm
without scratching the sample surface or breaking the SECM tip.

3.3.3 SECM Survey on the Ni Surface at OCP

Figure 3.4 Typical SECM image of the Ni sample without bias potential in 0.9
mmol/L Fc solution with 0.1 mol/L Na2SO4 solution as the supporting electrolyte.
The image area was 150 μm x 150 μm with 128 x 128 pixels. The current range of
this was 0.7 to 1.5 nA.
In order to correlate the SEM results with surface reactivity measured by current in
SECM images. The probe is supposed to scan the same area analyzed by SEM and EDX.
The SECM tip scanned the X Y plane above the nickel sample while the tip current is
collected versus the lateral tip positions to obtain SECM images. Different feedbacks
were obtained because of the following reaction is possible at some spots:
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Fc+ + e- → Fc (on substrate surface)

(3.2)

Figure 3.4 shows in detail how the marked area was located in SECM. During my
experiments, the UME was positioned on the desired area at open circuit potential. The
surface was imaged until the lines and four crosses, mentioned previously, appeared on
the SECM maps. Each image area is 150 μm × 150 μm for the purposes of preventing
damage to the tip or nickel surface. In Figure 3.4, all the images have the same current
scale from 0.7 to 1.5 nA.

Figure 3.5 Typical SECM image of the Ni sample without bias potential in 0.9
mmol/L Fc solution with 0.1 mol/L Na2SO4 solution as the supporting electrolyte.
The image area was 200 μm x 200 μm with 128 x 128 pixels. The current range of
this was 0.8 to 2.05 nA.
As the scale bar shows, red color means low current while the blue color represents
high current (termed as active spots). Usually the current is controlled by several factors,
such as the distance between UME and substrate, or the rate constants of the spots.
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3.3.4 PACs Taken at Active Spots

Figure 3.6 Probe approach curves (PACs) to an electroactive spot on Ni sample at
open circuit potential. The 10 μm Pt UME has a RG = 3. The approach speed was
at 1.0 μm/s. The simulated PACs of pure negative and positive feedback are also
displayed. The red circle on SECM image shows the place where the tip was
approached to sample surface.
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Figure 3.6 was also taken with 10 μm Pt UME while no potential was applied to the
nickel substrate; the image area was 100 µm × 100 µm with 128 × 128 pixels, with a tip
current between 0.83 to 2.05 nA. From the image, several high current spots were
observed. This could be caused by the uneven topography or high chemical activity of
the substrate surface. Therefore, one probe approach curve was recorded over the green
spot shown on the image in order to elucidate the factor causing the high current. Partial
negative feedback was observed, which confirmed that Fc+ generated at the probe surface
can be reduced back to Fc on these active spots. It also confirmed that the sample surface
covered oxide film was not homogeneous and the surface reactivity changed from region
to region. Several probe approach curves were taken over other spots multiple times and
exhibited similar results. Therefore, this confirmed that active spots in Figure 3.6 with
high current were related to areas with higher surface reactivity. Since the EDX results
demonstrated no other impurities except oxygen and carbon in the sample, it is proposed
that the active spots appearing in SECM image may be nickel oxide which has deviations
from stoichiometry. Due to the presence of nickel vacancies, p-type semiconductor
(NiO1+x (0<x<1)) may be formed on the sample surface. The following reaction (schematic
shown in Figure 3.7) may occur within the nickel substrate:
Ni2+ → Ni3+ + e- (in the oxide film)

(3.3)

Ni → Ni2+ + 2 e- (at the interface of Ni and thin film)

(3.4)
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Figure 3.7 The recycling of redox reactions.

3.3.5 SECM Images at Different Bias Potential
To further investigate the boundary structures on the surface, one area on the nickel
sample surface was selected to carry out more SECM experiments with negative
potentials biased to the substrate. Since my custom-modified scanning electrochemical
microscope has a closed-loop positioning system, which allows a deviation of 20 nm, the
same area could be imaged in different scans with a 10 µm UME tip polarized at 0.4 V.
Figure 3.8 displays a series of images obtained on the same area of nickel when
substrate potential varied from OCP to -0.4 V at an interval of 0.1 V. At open circuit
potential, the active regions were designated which possessed a slightly higher current
than their surroundings. As I proposed earlier, reactions 3.3 and 3.4 could happen on the
substrate. However, the local composition will not change significantly in such a short
time. In Figure 3.8a, three high current green spots observed in the bottom part of the
image were connected by black lines.
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Figure 3.8 SECM images with possible grain and boundary structures on the nickel
sample surface. The bias potentials on the substrate were (a) open circuit potential;
(b) –0.1 V; (c) –0.2 V; (d) -0.3 V; (e); -0.4 V. The image area was 100 µm x 100 µm
with 128 x 128 pixels. The experimental conditions are the same as figures before.
The blue spots are the active spots and the black lines were drawn by connecting the
active spots, which represent the boundaries on the surface.
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If this tentative plan was correct, the three green points should be active spots while
the black lines delineate the grain boundaries. Of more interest was the behaviour of the
passive oxide film under cathodic polarization.
When -0.1 V was applied to the substrate, distinct reactive spots began to appear in
the SECM image, and further decreases in polarization resulted in the appearance of a
number of reactive spots and an increase in the tip current. It is believed that p-type
nickel oxide will contribute electrons to Fc+, which will help the reduction reaction.
Figure 3.9 shows how the p-type nickel oxide semiconductor helps Fc+ reduced to Fc. Ef
lies below the Fermi level of the redox couple Fc+ and Fc. When the nickel oxide film is
in contact with the solution, electron transfer will occur at the interface until the Fermi
levels in both phases are equal, as shown in Figure 3.9b. As a result, band bending
occurs as in Figure 3.9b. When potential was applied to the substrate, electron-hole pairs
were produced. The holes form on the edge of valence band and electrons move to the
Fermi level of the redox couple Fc+ and Fc. This assisted the reduction of Fc+ to Fc that
occurs on sample surface.

Figure 3.9 The process of electron/hole formation and the reduction of Fc+ to Fc
while negative potential was applied to the substrate.
Each time more negative potential was applied on the substrate, additional spots
were activated. When the potential was further decreased to the range -0.3 V to -0.4 V, a
general increase in tip current as well as the appearance of active spots was observed on
the surface of grains, and one complete grain seemed to be successively outlined in
Figure 3.8e. According to Macdougall et al.22, NiOOH was proposed to exist on the
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nickel surface. Thus, at low potentials, reaction 3.5 and 3.6 are supposed to occur to
make oxide film more conductive:
NiOOH + H+ + e- → Ni(OH)2

(3.5)

NiO + 2H+ + 2e- → Ni + H2O

(3.6)

It can be concluded that the oxides at the grain boundary structures are distinctly less
stable than the oxides within the grains.

3.3.6 PACs toward Different Spots at Various Applied Potentials
While the surface images contained not only topography but also reactivity of nickel
sample, PACs were taken over different spots to determine the surface reactivity
differences. Figure 3.10 shows the PACs recorded at different bias potentials on red spot
shown on nickel sample SECM image.

From the graph, both partial negative and

positive feedbacks were obtained, depending on different potentials applied on the
substrate. Experimental PACs turned to partial negative feedbacks when the potentials
were equal to or larger than -0.2 V, while positive feedback was observed for potentials
equal to or smaller than -0.3 V. When there was no potential applied to the substrate, it
showed partial negative feedback. This demonstrates that there is one thin oxide layer on
the top of the metal sample, so the substrate played a role of insulator under this
circumstance. When -0.1 V and -0.2 V were applied to the substrate, an increase in
current occurred although partial negative feedback was still obtained at these sites. It
means that the electron transfer rate from substrate to mediator increased, which may be
caused by the decreasing of metal oxide thickness (reaction 3.6).

Partial positive

feedback was recorded at these spots while potentials were lower than -0.3 V. Therefore,
the substrate behaves like a conductive surface.
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Figure 3.10 Normalized probe approach curves (PACs) recorded above red spot
using 10μm diameter ultramicroelectrode with a RG value of 3 and applied
potential of 0.4 V. The experimental PACs were carried out in a 0.9 mM
ferrocenemethanol and 0.1 M Na2SO4 solution. The approach speed was at 1.0 μm/s.
The simulated PACs of pure negative and positive feedback are also displayed. The
red circle on SECM image shows the place where the tip was approached to sample
surface.
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Compared with simulated probe approach curves, the kinetics of Fc+ reduction on
the surface of nickel sample can be studied. The rate constants relate with electron
transfer from substrate to mediator can be determined by the comparison. When the
substrate is polarized between -0.1 V and -0.4 V, the rate constants vary from 1.52x10-3
cm/s to 3.04x10-2 cm/s. The spot is only partially positive while the rate constant is about
20 times higher than that observed at -0.1 V. Looking at the SECM images, no big
difference can be observed for the spot color in the two images. This analysis indicates
that a much higher sensitivity is reached by the PAC approach than by imaging.

3.3.7 ToF-SIMS Mapping and Depth Scan

Figure 3.11 ToF-SIMS negative secondary ion images for the nickel sample surface.
Figure 3.11 displays ToF-SIMS images of seven different negative ions, which
mean the distribution of individual species. Bright color shows more accumulation of a
certain ion. According to ToF-SIMS analysis, no significant metallic impurity ions were
found, which agreed well with the EDX results. The nickel sample had been sputtered to
remove the superficial layer of the substrate, which may contain some adsorbed material.
By comparing total counts of each negative ion, some interesting conclusions were
achieved. The total counts of C- and O- are almost the same as before sputtering, so they
can be treated as background of detection. In the C- and O- after sputtering images, the
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crosses and lines are brighter than than surroundings, which point to C and O being more
easily adsorbed in these areas. At the same time, a significant increase of Ni- was
observed, while NiOH- and NiO2H- ions experienced a significant decrease. This also
demonstrates that there is a thin layer of nickel oxide on the top of the pure nickel sample.

Figure 3.12 Depth profile of Ni sample. Each time, Cs+ was used to sputter for 1s,
and then another scan was acquired after a 3s pause.
Figure 3.12 shows the depth profile of nickel sample surface, indicating clear shift in
the nickel species near the surface. In Figure 3.12, a distinct decrease of NiO2- ion
content was observed while more Ni- ions were collected with greater penetration. This
is further evidence towards a thin oxide film coating the metal surface.
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3.3.8 Overlapping of SEM, SECM, ToF-SIMS Images on Selected Area

Figure 3.13 SEM, SECM, ToF-SIMS images were superimposed at the same area.
SECM imaging was carried out in a 0.9 mM ferrocenemethanol and 0.1 M Na 2SO4
solution using a10 µm Pt UME with an RG value of 3. Potential of 0.35 V was
applied to the UME tip.
Thanks to the lines and crosses etched by focus ion beam, the exactly same area
where SEM studies were employed could be located in subsequent SECM and ToF-SIMS
experiments. For the first time, the same nickel surface area was imaged by SEM, SECM
and ToF-SIMS. Through comparison of these images, it can be determined whether
areas of enhanced reactivity correlated with surface composition inhomogeneities.
Figure 3.13 displays the superimposed SECM, SEM and ToF-SIMS images of the same
area.

This method could be used to determine whether surface composition

inhomogeneities correlated with sites of enhanced reactivity. From the superimposed
images of the same area, it was observed that the lower current areas and higher current
areas correspond to darker and lighter regions on SEM image, respectively. So the
lighter regions are more unstable and easier to give the electron to reduce Fc+ to Fc.
From the EDX results it is clear that oxygen is distributed evenly on the surface while
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carbon is clustered in some spots. This demonstrates that light regions on the SEM
surface are poor in carbon, which correlates well with the high current observed during
the SECM experiment. Turning to the ToF-SIMS image, the dark spots have more
oxygen gathered within them.

Low current is observed in these spots, this is

representative of the low reactivity displayed during SECM.

Part 2
3.3.9 SEM Imaging, EDX Mapping and EDX Analysis
Another well polished nickel sample was examined by SEM.

The surface

topography was quite different from the previous one which can be seen on the SEM
image. For the previous sample, the surface was uniform without defined grain structures.
In contrast, a gap passes through the SEM image with a width of 15 μm in the lowmagnification SEM image for the new sample in Figure 3.14. This gap is generated
during the growth process of pure nickel sample.

Through this method, nickel is

deposited on the outside of the tiny pure nickel pellets, which are used as seeds to initial
metal deposition, the "growth" of the metal then moves forward through a process similar
to sedimentation; i.e. layer by layer. So the big gap observed in the SEM image is a
direct consequence of this process and is the result of two separated layers. Several black
spots and darkly shaded areas are clearly visible on the surface.
Then one random zoomed-in area was analyzed by EDX method. The typical EDX
spectrum is shown in Figure 3.15. Only Ni, C and O peaks can be observed clearly on
this spectrum. Table 3.1 indicates elements' weight and atomic percentage detected by
the instrument. The Ni wt% in the area reaches as high as 97.92%. No other metal
impurities were found in this sample.

55

Figure 3.14 Typical SEM image of a polished Ni sample surface. Further EDX
studies were conduct on red rectangle area.

Figure 3.15 EDX analysis spectrum for red rectangle area labeled in Figure 3..
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Table 3.1 Results of the EDX analysis about weight and atomic percentage of C, O,
Ni in red rectangle.
Element

Weight (%)

Atomic (%)

C (K)

1.17

5.32

O K)

0.91

3.13

Ni (L)

97.92

91.55

Totals

100.00

3.3.10 SECM Survey on the Nickel Surface and Overlapping with SEM
Image
The SECM tip was scanned in the X, Y plane over the nickel sample in the Fc
solution and the tip current was collected versus the lateral tip positions to obtain SECM
images. The tip current for Figure 3.16 was 0.38 to 2.02 nA. The area labelled by
dashed line rectangle is believed to be the same area as imaged by SEM.
Figure 3.17(left) displays superimposed SECM and SEM image of the same nickel
area of a new sample. This can help us determine whether the iron spots correlated with
surface activity. To achieve this, lines and crosses were made on the sample surface for
finding the same area on SECM and SEM images. Similar to previous sample, high
current area have more n-type (NiO1+x

(0<x<1)),

which allows for an increased rate of

reduction reaction on the nickel substrate. From the images it can be concluded that both
sides of the gap are not homogeneous.
ToF-SIMS technique was not employed on this sample because the resolution of the
images were not high enough, which made it difficult for us to make the comparison with
SECM and SEM images.

57

Figure 3.16 Typical SECM image of the Ni sample without bias potential in 0.9
mmol/L Fc solution with 0.1 mol/L Na2SO4 solution as the supporting electrolyte.
The image area was 200 μm x 200 μm with 128 x 128 pixels. The current range of
this was 0.38 to 2.02 nA. The area labelled by dash line rectangle is where the four
crosses were made by FIB.

Figure 3.17 Left: SECM images superimposed with an SEM of the same Ni surface.
Encircled regions indicate where PACs showed in right side were taken. Right:
Normalized PACs recorded above regions A and B with 10 µm diameter in left,
superimposed on simulated PACs.
To further study the rate reactivity of these two parts, PACs were obtained over
spots which have similar current on both sides. Figure 3.17 (right) illustrates that rate
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constant on spot a is 3.8 x 10-3 cm/s and 3.344 x 10-3 cm/s on spot b. Although the two
areas were indistinguishable in SECM images, PACs gave a better idea about the
chemical reactivity differences between these two spots. This also demonstrates that
much higher sensitivity is obtained by the PACs.

3.3.11 SECM Images at Different Biased Potentials

Figure 3.18 SECM images with possible grain and boundary structures on the
nickel sample surface. The bias potentials on the substrate were (a) open circuit
potential; (b) –0.1 V; (c) –0.4 V; (d) -0.7 V. The image area was 70 µm x 120 µm
with 128 x 128 pixels. The experimental conditions are the same as figures before.
The blue and some green spots are the active spots and the black lines were drawn
by connecting the active spots, which represent the boundaries on the surface.
To further investigate the boundary structures on the surface, one area on the nickel
sample surface was selected to run further SECM experiments with negative potentials
biased to the substrate. Figure 3.18 displays a series of images obtained on the same area
of sample as substrate potential varied from OCP to -0.7 V. At open circuit potential, the
tip current over some active region shows slightly higher values than surroundings. As
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proposed before, reactions 3.3 and 3.4 would happen on the substrate. However, the
local composition will not change too much on such a short time scale. Figure 3.18a
shows several active spots and boundaries (indicated by black lines).
When -0.1 V was applied to the substrate, some more active spots appeared in the
image.

In Figure 3.18b, several new active spots were connected by black lines,

considering they were possibly related with grain boundaries. It is obvious that the
higher current region is a little bit larger compared to that at OCP according to the scale
bar. It can also be explained by Figure 3.9 and reactions 3.5 and 3.6.
Each time more negative potential on the substrate was applied to the substrate,
additional spots were activated. When the potential was further decreased to the range 0.4 V, a general increase in tip current as well as the appearance of active spots was
observed on the surface of grains, and one complete grain seemed to be successfully
outlined in Figure 3.18c. When the potential was further decreased to -0.7 V, the tip
current was higher than before but no more active spots appeared.

3.3.12 Depth Scan
For the first time, depth scan method was employed to metal sample surface. The
10 μm SECM tip, biased at 0.4 V, was placed above the nickel surface. The initial tip-tosubstrate distance was 100 μm and approach speed was 1μm/s. The UME scanned along
Y, Z plane across an area of 100 μm × 100 μm to obtain SECM image. Several images
were taken while different potentials were polarized to the substrate.
The experiment PACs, which were extracted from depth scan at Y = 100 (shown as
yellow dash line in Figure 3.19) at various applied potentials are displayed in Figure 3.20.
The numerical simulation approach curves are plotted as well.
The rate constant was about 1.22 × 10-3 cm/s when the substrate was at open circuit
potential. When potential changed to -0.7 V, the rate constant was about 4.56 × 10-3 cm/s,
which is approximately 4 times larger than that one at OCP. The increase of rate constant
can be explained by the electrochemical reduction of the passive oxide film on the
surface (Reaction 3.5 and 3.6).
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Figure 3.19 Depth Scan SECM image taken on nickel sample surface. The 10 μm Pt
UME which was biased at 0.4 V has a RG = 3. The approach speed was at 1.0 μm/s.
0.9 mM ferrocenemethanol was used as mediator and 0.1 M Na2SO4 solution as the
supporting electrolyte.

Figure 3.20 Normalized probe approach curves (PACs) extracted from depth scan
image at Y=100. UME was 10μm in diameter with a RG value of 3 and applied
potential of 0.7 V. The depth scans were carried out in a 0.9 mM ferrocenemethanol
and 0.1 M Na2SO4 solution as the supporting electrolyte. The approach speed was at
1.0 μm/s. The simulated PACs of pure negative and positive feedback are also
displayed.
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3.4

Conclusions
ToF-SIMS and EDX results showed that no significant metal impurities were found

in commercial nickel sample.

SECM was employed to determine grain boundary

structures and the surface chemical activity. SECM is proved to be useful for studying
the surface morphology of nickel sample. The analysis showed a variety of different
current feedback signals were obtained on the Pt UME due to changing rate constant in
various micro scale regions. High current spots in the SECM image are believed to be
related with nickel oxide, which was easier to give electrons. And the grains are carbon
rich compared to boundaries. A grain boundary structure map can be drawn on SECM
images. The enhanced activation of specific areas in the surface can be brought by
application of a sufficient cathodic bias.
The surface chemical activity was also quantitatively studied by fitting experimental
PACs. The rate constants for reduction of the mediator on sample surface confirmed the
increase in reactivity.
From the superimposed images of the same area, it is clear that the lower current
area and higher current area correspond to darker and lighter regions on SEM image,
respectively. So the lighter regions are more unstable and will easily give the electron to
reduce Fc+ to Fc.

62

3.5

References

(1)
International Nickel, L. The INCO guide to nickel plating; International
Nickel Ltd: [London] (Thames House, Millbank, S.W.1), 1972.
(2)
Company, I.N. Nickel; International nickel co., Development and research
division, 1950.
(3)

Mond, L.; Langer, C.; Quincke, F. J. Chem. Soc. Trans. 1890, 57, 749.

(4)
Di Bari, G.A.; Company, I.N. Nickel Plating; International Nickel
Company, 1977.
(5)
Lascelles, K.; Morgan, L.G.; Nicholls, D.; Beyersmann, D. In Ullmann's
Encyclopedia of Industrial Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: 2000.
(6)

Sikora, E.; Macdonald, D.D. Electrochim. Acta 2002, 48, 69.

(7)
Pfirrmann, S.; Limberg, C.; Herwig, C.; Stosser, R.; Ziemer, B.
Angew.Chem.Int.Ed. 2009, 48, 3357.
(8)
Carnes, M.; Buccella, D.; Chen, J.Y.C.; Ramirez, A.P.; Turro, N.J.;
Nuckolls, C.; Steigerwald, M. Angew.Chem.Int.Ed. 2009, 48, 290.
(9)
Irwin, M.D.; Buchholz, B.; Hains, A.W.; Chang, R.P.H.; Marks, T.J. Proc.
Natl. Acad. Sci. U.S.A. 2008, 105, 2783.
(10)

Iida, M.; Ohtsuka, T. Corros. Sci. 2007, 49, 1408.

(11) Bard, A.J.; Mirkin, M.V. Scanning Electrochemical Microscopy; Marcel
Dekker, Inc.: New York, 2001.
(12)
80, 1437.

Zhu, R.; Qin, Z.; Noel, J.J.; Shoesmith, D.W.; Ding, Z. Anal. Chem. 2008,

(13) Nowierski, C.; Noel, J.J.; Shoesmith, D.W.; Ding, Z. Electrochem.
Commun. 2009, 11, 1234.
(14)

Zhu, R.; Macfie, S.M.; Ding, Z. J. Exp. Bot. 2005, 56, 2831.

(15)

Mauzeroll, J.; Bard, A.J. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 7862.

(16) Turcu, F.; Schulte, A.; Hartwich, G.; Schuhmann, W. Angew.Chem.Int.Ed.
2004, 43, 3482.
(17) Rincón, M.; Cuevas-Arteaga, C.; Solís de la Fuente, M.; Estrada-Vargas,
A.; Casillas, N.; Bárcena-Soto, M. J. Solid State Electrochem. 2012, 16, 977.

63

(18) Souto, R.M.; Gonzalez-Garcia, Y.; Battistel, D.; Daniele, S. Chem-Eur. J.
2012, 18, 230.
(19)

Shao, Y.H.; Mirkin, M.V. J. Phys. Chem. B 1998, 102, 9915.

(20)

Zhu, R.; Ding, Z. Can. J. Chem. 2005, 83, 1779.

(21)

Tencer, M.; Nie, H.-Y.; Berini, P. J. Electrochem. Soc. 2009, 156, 386.

(22)

Macdougall, B.; Mitchell, D.F.; Graham, M.J. Corrosion 1982, 38, 85.

64

Chapter 4 SECM Studies of Extracellular ROS Released from T24
Single Cells
4.1

Introduction
Reactive oxygen species (ROS) are oxygen-derived molecules, such as superoxide

ions, hydrogen peroxide molecule, hydroxyl and hydroperoxyl radicals and other species.
They are generated by several processes including chemical reactions and cellular
respiration both in the intracellular region and extracellular field. ROS reflect and govern
numerous fundamental cellular physiological processes1, like the inflammatory response2,
cell adhesion3, cell proliferation and apoptosis4, while ROS are generated constantly in
healthy cells at a low concentration. But ROS play dual roles in live cells. Hydrogen
peroxide, one of the major ROS species, is toxic to proteins, fatty acids and DNA in live
cells due to their high reactivities5. Cell degeneration and apoptosis would inevitably
occur with the overproduction of ROS, which is implicated in the development of many
diseases. Therefore, specific concentrations of ROS are critical for the activation of
beneficial or adverse functions in biological activities.

Recently, cancer cells are

suggested to exhibit increased ROS generation than normal ones possibly due to the
excessive expression of NAD(P)H oxidases (NOXs)6 and the malfunction of the
mitochondria7. A good opportunity has been provided to gain insight into physiological
and pathological activities of cancer cells with analysis of ROS at the single cell level.
1-phorbol-12-myristate-13-acetate (PMA) is an effective tumour promoter often
used to activate protein kinase C (PKC) in biomedical research8-9. An activated PKC will
trigger the activation of NOXs to generate ROS10-11. Then one electron will transfer from
NOXs to the extracellular O2 through the membrane, leading to the generation of H2O2
and O2 (shown in Figure 4.1).
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Figure 4.1 Schematic diagram of generation and detection of reactive oxygen species
The bladder is the most common site of neoplasm in the urinary system and
accounts for approximately 29% of all urologic tumors12. In 2012, the Canadian Cancer
Society estimated that 7,800 people in Canada will be diagnosed with bladder cancer,
making it the 6th most common cancer in Canada13. Immunotherapy in the form of BCG
instillation is commonly used to treat and prevent the recurrence of superficial tumors 14.
Unfortunately, because of the dose-limiting toxicity of chemotherapeutic agents,
resistance to neoplastic agents, and recurrence of the cancer, a cure has remained elusive
for many cancer patients15.

Thus, new therapeutic options need to be figured out.

Several vitamins have been evaluated for their abilities to prevent or treat cancer because
of their low systemic toxicity16. Vitamin treatment is nontoxic and produced a greater
reduction in the rate of tumour recurrence than BCG immunotherapy which is the gold
standard for the treatment of superficial bladder cancer17.
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Vitamin C has been demonstrated to be effective either in the prevention or
treatment of bladder cancer16.

It is widely known as an anti-oxidant.

Vitamin C

eliminates most of the biological free radicals and oxidants by donating its electrons18.
Therefore vitamin C is extensively used as a beneficial food additive and nutrition
supplement that potentially prevents or cures diseases caused by excessive level of
ROS19-20. But recently some studies indicate that vitamin C plays a controversial role
instead of being anti-oxidant under some environment21-26. Both of the pro-oxidant and
anti-oxidant roles that vitamin C might play involve the chemical oxidation or reduction
of ROS, which can be examined by electrochemical methods. The immediate ROS flux
can be detected instantly from the cells by recording the corresponding current when the
electrode was biased at a potential. Furthermore, different types of ROS species can be
monitored by amperometric methods at distinct potential.
Like most cancers, human bladder cancer begins with the mutation of a single
normal cell. Recently, the study of single living cells has gained more attention. Rapid
development of single cell analysis makes it possible to get a comprehensive
understanding of cancers. Many analytical methods have been widely used to study
living cells such as atomic force microscopy (AFM)27, confocal microscopy28, and flow
cytometry techniques29-30. Besides these, scanning electrochemical spectroscopy has
been introduced to living cells system under physiological conditions31-33. It has been
employed to acquire the topographical, chemical and metabolic information of living
cells because of its unique advantages, such as non-invasive feature and the ability to
locate chemical activities on the cell surface spatially34-36. Therefore, SECM has been
proved to be a sufficient tool to study single cells. Mainly three types of measurements
have been employed. First, SECM images are taken to map the topography of live
cells37-39 and reveal the spatial profile of extracellular redox reactive species40-41. Second,
probe approach curves are plotted to quantify kinetic parameters42-43 of a reaction at cell
membranes44-45, the concentration of cell-generated redox reactive species46.

Third,

current-time curves are recorded to monitor transient burst of oxidative species47, present
the evolutionary trend of cellular reactivity and topography47-48, and interpret the
molecular transport across freely permeable interfaces quantitatively45.
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In the present chapter, single human bladder cancer cells (T24) have been chosen to
study ROS production, which act as an indicator of the cellular activities.

4.2

Experimental Section

4.2.1 Chemicals
Ferrocenemethanol

(FcCH2OH,

97%)

was

obtained

from

Sigma-Aldrich

(Mississauga, ON). Sodium sulphate (Na2SO4) was bought from Caledon Laboratories
Ltd., (Georgetown, Ontario). Vitamin C (L-ascorbic acid, powder, cell culture tested, γirradiated), 1-phorbol-12-myristate-13-acetate (PMA, ≥ 99%), and phosphate buffered
saline (PBS, pH 7.4) were supplied by Sigma-Aldrich (Mississauga, ON) and were used
without further purification.

Vitamin C solutions of different concentrations were

prepared freshly before each experiment with Opti-MEM cell culture solution (reduced
phenol-red; Invitrogen, Burlington, ON, Canada). Ultrapure deionized water (Milli-Q,
Millipore, Bedford, Massachusetts) wit 18.2 MΩ resistivity was used to prepare all
aqueous solutions.

4.2.2 Platinum
Ultramicroelectrode
Characterization

(Pt-UME)

Fabrication

and

The platinum UMEs with size of 5 µm, 10 µm and 25 µm in diameter were prepared
by our group. Normally, Pt-UMEs are characterized by several methods: microscopic
videography, cyclic voltammetry (CV) and Probe Approach Curves (PACs).

4.2.3 SECM Instrument
The custom-adapted SECM instrument was modified from Alpha-SNOM (Witec,
Ulm, Germany) by replacing the objective lens with an electrode holder41,49.

A

sophisticated positioning system can precisely manipulate the displacement of the
electrode as low as 1 nm. With our SECM system, both the lateral and the vertical
scanning can be conducted repeatedly in a large area due to its close loop nature. The
details of instrumentation and operation procedure were described in a previous
publication49.
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4.2.4 Cell Culture and Preparation
T24 cells are supplied by American Type Culture Collection (ATCC, Manassas, VA,
USA). The T24 cells were cultured in D-MEM cell culture solution supplemented with 4
mM L-glutamine, 100 units/ml of penicillin, 100 μg/ml of streptomycin, and 10% fetal
bovine serum (FBS). The cells were incubated at 37 °C and 5% CO2 in an incubator
(Sanyo, Japan). Cells were washed 3 times with pH 7.4 PBS and refilled with fresh OptiMEM cell culture medium (no phenol red, Invitrogen, Burlington, ON). Prior to
experiments, 0.1 mM (final concentration) ferrocenemethanol was added to the solution
to calibrate the distance between the cell and the electrode at the beginning of the SECM
experiments.

4.2.5 Single Cell Measurements
A Petri dish with T24 cells anchored on the bottom was mounted on the heated
scanning stage of the SECM instrument. The temperature was controlled at 37.0 ±0.2 ºC
by a heating stage (TC-1, Bioscience Tools, CA) throughout SECM experiments. With
the help of the advanced positioning system, a 10 μm diameter Pt UME was approached
to about 3.5 µm above a T24 cell for SECM imaging experiments, and 25 μm diameter Pt
UME was approached to about 12.5 µm above a T24 cell for non-imaging experiments.
The distance was monitored by normalized tip current recorded at 0.40 V49. At such
close distance, the electrode can detect ROS immediately once they were generated.
After the distance control procedure, the biased potential was switched to –0.60 V, –0.80
V and 0.70 Vfor ROS detection. The optical image of a T24 cell was taken by the
Alpha-SNOM in inverted mode with a 50× microscopic objective lens (Nikon, Japan)
beneath the scanning stage.

4.2.6 Data Analysis
Every statistic result is an average of at least 10 steady-state SECM measurements
performed on different cells with the same experimental condition. All presented current
values are reported as the means ± SD (standard deviation). Thus the comparisons
between the results from each two experimental conditions indicate the significance of
the variations.
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4.3

Results and Discussion

4.3.1 Electrochemistry Behaviours of Reactive Oxygen Species
As published elsewhere by our group, oxygen reduction reactions and reduction
behaviours of hydrogen peroxide have been studied before50. The formal reduction
potential of oxygen was determined as -0.455 V vs Ag/AgCl. The reduction peaks for
H2O2 has also been investigated as -0.720 V vs Ag/AgCl. Therefore, the detection
potentials of oxygen and hydrogen peroxide reductions were determined to be -0.600 V
and -0.800 V vs. Ag/AgCl, respectively.
For determining the potential of hydrogen peroxide oxidation in water solution,
cyclic voltammetry was employed and results are shown in Figure 4.2. Graph A shows
the CV taken in the blank solution with a potential range of 0.00 V to 1.00 V in airsaturated 50 mM KCl solution. A 25 μm Pt electrode was used as working electrode and
Ag/AgCl electrode was used as both the reference and counter electrode. The current
increased dramatically after 0.80 V because it's out of potential window. Later on, 1.2
mM H2O2 was added into the solution, a typical forward scan was obtained while no
reduction reaction was observed because the oxidation of hydrogen peroxide is
irreversible. The steady state was reached at 0.70 V. With more addition of H2O2, the
increase of the current can be observed. To further verify the oxidation potential, 0.3 mM
Fc was mixed into the solution. The behaviour of Fc/Fc+ redox pair could be obtained
between 0.20 V and 0.40 V. With the aid of catalase, H2O2 got disproportioned as
described in Reaction 4.1:
H2O2 → H2O + O2

(4.1)

The oxidation behaviour of Fc was obviously observed in Figure 4.2E due to the
elimination of H2O2. According to the following series of CVs shown in Figure 4.2, 0.70
V was determined to be experimental potential at which the tip current would reach
steady state. In the literature, the oxidation potential at 0.60 V vs Ag/AgCl with a
platinised carbon fiber microelectrode was reported and employed to monitor the oxidant
release by Amatore's group51-52.
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Figure 4.2 Cyclic voltammograms of A) blank solution; B) 1.2 mM H2O2; C) 2.4 mM
H2O2; D) 0.3mM Fc + 2.4 mM H2O2; E) addition of catalase with a 25 µm Pt UME
working electrode at a scan rate of 0.020 V/s. Ag/AgCl (in saturated KCl) electrode
was chosen as reference electrode and counter electrode, and the supporting
electrolyte is 50 mM KCl solution.
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4.3.2 SECM Mapping Image in Constant Mode

Figure 4.3 SECM image of a T24 cell scanned at −0.8 V vs. Ag/AgCl with a 5 µm Pt
UME (a) and at – 0.6 V vs. Ag/AgCl (in saturated KCl) with a 5 µm Pt UME (b).
SECM was employed to study spatial distribution of the extracellular ROS released
by T24 cells. Figure 4.3 shows SECM images of T24 cell scanned at bias potential -0.80
V and -0.60 V, respectively. The distance between tip and the center of cell was about
0.3 µm. As the scale bar shows, the brighter yellow area means higher current than
surroundings. It is interesting that different appearances of the same cell appeared under
two different potentials. When -0.80 V was biased to the Pt-UME, the cell area was
much brighter than surroundings.
obtained.

While -0.60 V was applied, opposite result was

Normally, if the cell didn’t release any redox oxygen species, only the

dissolved oxygen can be detected. When the electrode was right above the T24 cell, the
current should be lower than the background current cause the cell was a blockage of
oxygen’s diffusion to the surface of my UME. However, sometimes the SECM image at
-0.80 V shows a positive feedback of the cell. According to a previous study in our
group, the partial positive feedback was brought by the release of extracellular ROS.
Most redox oxygen species are not stable; the final species of ROS-generation chain are
O2 and H2O2, which are easily detected by electrochemical method. At -0.60 V, oxygen
is reduced into water at the diffusion controlled rate50
O2 + 4H+ + 4e− → 2H2O

(4.2)
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At -0.80 V, both oxygen and hydrogen peroxide are reduced into water at diffusion
controlled rate50:
H2O2 + 2H+ + 2e− → 2H2O

(4.3)

Thus, the change of the current should be a balance between the diffusion blockage
of dissolved oxygen and the ROS generation. It’s clear why an opposite result was
received when -0.60 V was applied to the electrode. Only O2 species can be detected at
the potential of -0.60 V. If the effect of O2 generation was smaller than the diffusion
blockage effect, the current measured above the cell would be lower than other areas.

4.3.3 Depth Scan of Single T24 Cells

Figure 4.4 Depth scan of a T24 cell scanned at −0.8 V vs. Ag/AgCl (in saturated KCl)
with a 5 µm Pt UME and two different feedbacks: a) partial negative feedback and
b) partial positive feedback.
Furthermore, depth scans and probe approach curves, which clearly explain the
balance between the diffusion blockage and ROS generation, were obtained. Depth
scanning is one of the unique advantages of our custom-built SECM. The SECM tip
moves in the Z axis while the scanning stage shifts in the X axis. Once the depth scan
image was obtained, probe approach curves can be plotted by drawing vertical lines in
the image (blue vertical line in Figure 4.4). Therefore, a set of PACs could be extracted
from one depth scan image. In traditional method, the tip is fixed on a point and moved
down to the substrate to record a PAC. If a couple of spots gained interest, this procedure
needs to be repeated several times. It will cost much more time as well as increase the
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risk of hitting the substrate with duplicate approaching down. Therefore depth scanning
method provides us an easy and efficient way to obtain hundreds of PACs in a short time.
It is a favourable mode to reduce the possibility of penetrating the cells or crashing the
electrode.
Figure 4.4 shows the negative feedback and positive feedback extracted from two
different images. In Figure 4.4a, the oxygen diffusion blockage effect overwhelmed the
ROS generation effect when the electrode approached the cell, the current obtained on the
surface of UME was getting smaller. Thus the cell area is darker than surroundings.
However, Figure 4.4b shows a typical partial positive feedback. When the electrode was
approaching the substrate, the oxygen diffusion blockage effect overwhelmed the ROS
generation effect at first, resulting in a current decreased. After the electrode passed the
balance point, the ROS generation effect became dominant factor; the tip current appears
to increase instead.

4.3.4 The Determination of Vitamin C Concentration and Incubation Time
for T24 Cells Treatment

Figure 4.5 PMA-induced respiratory burst recorded in SG/TC mode with a 25 μm
Pt UME
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It usually took approximately 3 mins to finish one SECM image while the ROS
burst was found to occur within 10s after the PMA is added. Substrate generation/tip
collection (SG/TC) mode was employed instead of imaging mode to capture the PMAinduced ROS burst. In SG/TC mode, the UME was placed steadily over a T24 cell
generating reactive oxygen species. The current collected on the surface of the electrode
was continuously recorded by CHI 800B. 25 μm Pt UME, which has a similar size with
T24 single cell, was chosen to detect the overall ROS release in SG/TC mode based on
the observation that extracellular ROS distributes over the entire cell.
First of all, an appropriate concentration of vitamin C was chose for following
experiments.

If vitamin C concentration was less than 1 mM, it would be rapidly

consumed by oxygen dissolved in the solution. So the concentration should be high
enough to cover the cellular variability. The coverage of vitamin C treated T24 cells in a
petri dish should be sufficient to sustain their normal behaviours and remain the
intercellular communication. At the same time, the vitamin C concentration should be
lower than the median curative dose (CD50, about 5 mM17).

In this situation, the

concentrations of 2 mM and 4 mM were selected to conduct further experiments.
Later on, a series of experiments were implemented to decide the incubation time.
Sets of cells were cultivated and incubated with 2 mM Vitamin C solution in an incubator
for different periods of time. Substrate generating/tip collecting (SG/TC) mode was
applied here. In each experiment, 0.25 µg/mL 1-phorbol-12-myristate-13-acetate (PMA)
was added into the medium solution to stimulate the cell to generate a ROS burst. The 25
μm Pt UME was biased at 0.70 V to detect the release of H2O2. Figure 4.6 shows integral
charge results for the burst after addition of PMA. The control group, which had not
been incubated by Vitamin C, has a burst of about 20 pC. After 30 minutes incubation,
the cell gave a burst of about 45 pC with the stimulation of PMA, which is almost twice
as much as control group. When the incubation time had been extended to 2 hours, a
rapid decrease could be observed, and the response is nearly as same as the control group.
The H2O2 content kept decreasing in the next 4 hours and remained the same during the
following 18 hours incubation. On the basis of these results, 30 minutes incubation,
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which has a promoted effect to the cell, had been chosen. 24 hours was another selected
incubation time for my experiment.

Figure 4.6 Time-integral results of PMA-induced respiratory burst of untreated
cells and 2 mM vitamin C treated T24 cells for 30 mins, 2 hours, 6 hours, 12 hours
and 24 hours at 0.70 V vs Ag/AgCl (in saturated KCl), respectively.

4.3.5 Detection of Vitamin C Effect in PMA-induced Extracellular ROS
Burst at Positive Potential
The Vitamin C effect on ROS generation of T24 cell was studied by our SECM
method. According to the previous conclusion, 2 mM vitamin C and 4 mM vitamin C
were used for treatment. The incubation time had been set for 30 mins and 1 day
respectively. Current-time curves were recorded at 0.70 V vs Ag/AgCl with a 25 μm Pt
UME. The yellow data, as the control group, were taken from untreated T24 cells. Same
as previous paragraph, time-integral burst response were calculated and average value
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was taken from at least ten experiments to ensure the reproducibility. The averaged
PMA-induced charges in Figure 4.7 demonstrated a favoured PMA-induced ROS burst in
T24 cells by vitamin C treatment of 2 mM and 4 mM (30 min incubation), indicating a
pro-oxidant role of vitamin C. When the cells were further incubated to 1 day, with
either 2 mM or 4 mM vitamin C solution, a reduction in PMA-induced ROS burst of T24
cells could be observed clearly. Vitamin C exerts an anti-oxidant effect on T24 cells. In
other words, the role of vitamin C has switched from a pro-oxidant to an anti-oxidant
from 30 minutes to 1 day. This interesting phenomenon has also been reported on other
human cells as human acute myeloid leukemia cells (KG1a) with fluorescent methods53.
The fact that vitamin C supplement pills are usually orally taken once per day proposes
that 1 day is approximately the duration of vitamin C staying in human bodies. Thus it is
reasonable to speculate that vitamin C finally exerts an anti-oxidant effect in bladder
cancer tissues when ingested daily.

It is also concluded from Figure 4.7 that the

differences between 2 mM and 4 mM vitamin C incubations are negligible.

Figure 4.7 PMA-induced respiratory burst of untreated cells and 2 mM vitamin C
treated cells and 4 mM vitamin C treated cells for 30 mins and 24 hours at 0.70 V vs
Ag/AgCl (in saturated KCl), respectively.
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4.3.6 Detection of Vitamin C Effect in PMA-induced Extracellular ROS
Burst at Negative Potential
In following experiments, biased potential was changed to negative side to detect
reduction behaviours of oxygen and hydrogen peroxide. -0.60 V and -0.80 V were
chosen to examine ROS activities according to previous investigation. Here, two types of
cells were investigated: 2 mM vitamin C treatment for 30 min, 4 mM vitamin C treatment
for 30 min. Untreated T24 cells were taken as the control group. When processing the
data, time-integral burst responses were measured and the mean value of at least ten
experiments was taken in each condition to ensure the reliability. Figure 4.8 shows PMAinduced ROS burst of T24 cells, which represents that vitamin C plays a pro-oxidant role
within 30 minutes. At both -0.6 V and -0.8 V, T24 cells treated with 2 mM concentration
vitamin C showed a little bit stronger pro-oxidant effect. Therefore in following timedependent experiments, 2 mM concentration would be chosen.

Figure 4.8 PMA-induced respiratory burst of untreated cells and 2mM vitamin C
treated cells and 4 mM vitamin C treated cells for 30 min at -0.60 V and -0.80 V vs
Ag/AgCl (in saturated KCl), respectively.
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Vitamin C effect as a function of time has also been investigated at negative potential
side. Here two kinds of vitamin C treatments were measured: 2 mM vitamin C treatment
for 30 min, 2 mM vitamin C treatment for 1 day. Untreated T24 cells were taken as the
control group. Figure 4.9 was drawn on the basis of the mean value of more than 10
experiments in each condition. A significant decrease of the response intensity is shown
on 1 day treatment than that of 30 minutes treatment. What is more interesting is that the
response intensity of 1 day treatment is even lower than that of control group. It expresses
that with the incubation time of 1 day, vitamin C acts like an anti-oxidant additive. In
other words, the role of vitamin C was switched from pro-oxidant to anti-oxidant with the
time went by. This observation matches well with the results in positive potential at which
only hydrogen peroxide was detected.

Figure 4.9 PMA-induced respiratory burst of untreated cells and 2 mM vitamin C
treated cells and 2 mM vitamin C treated cells for 1 day at -0.60 V and -0.80 V vs
Ag/AgCl (in saturated KCl), respectively.
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4.3.7 Vitamin C Effect on ROS Production of T24 Cells without
Stimulation of PMA
To further examine the antioxidant activity of vitamin C, constitutive production of
ROS (without PMA stimulation) by T24 cells were taken as the indicator. Figure 4.10
evidences that 24 hours vitamin C incubation diminishes the constitutive ROS production
of T24 cells. The steady-state current measured at both potentials was decreased by
vitamin C treatment, suggesting both of the nominal oxygen and the nominal ROS were
significantly scavenged.

Without the activation of PMA, the vitamin C-induced

alteration of the ROS production mainly reflects its effect on the intracellular source of
ROS54.

Figure 4.10 Statistical results of SG/TC SECM measurements presenting the
constitutive ROS production of untreated T24 cells and T24 cells treated with 2 mM
vitamin C for 1 day at −0.60 V vs Ag/AgCl and −0.80 V vs Ag/AgCl (in saturated
KCl). Experiments were performed with 25 μm diameter Pt UME.

4.3.8 Quantification of the Extracellular ROS of T24 Single Cells
Probe approach curves were recorded to help further studies for quantifications of
extracellular ROS. At the beginning, the electrode was biased at 0.70 V. Depth scan
images were acquired by moving the scanning stage in Y, Z plane. As shown in Figure
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4.11, partial negative feedbacks were found when an electrode approached the cells. That
is because when the electrode is biased at 0.70 V, hydrogen peroxide as well as Fc would
get oxidized on the tip surface. The diffusion of Fc from bulk solution to the cells surface
is blocked when the tip is approaching. Fc+ generated on the tip surface would not get
reduced back to Fc again because cells act like insulator in this process. This leads to a
decreased current. In the meanwhile, H2O2 generated by the cells caused an increased
concentration of H2O2 near cells surface and therefore an increased current.

The

blockage of Fc diffusion outweighed H2O2 release from the cells, which leads to an
overall decreased current. By overlapping the experimental PACs with simulated ones,
corresponding concentrations of H2O2 are determined.

For cells without vitamin C

treatment, concentration was determined to be 0.036 mM. For those cells that had been
incubated with 2 mM vitamin C solution for 30 minutes and 24 hours, the concentrations
were 0.052 mM and 0.030 mM, respectively.
After each scanning at 0.70 V, the tip was raised to the initial position and the biased
potential was changed to -0.60 V for some more depth scans. At this potential, oxygen
dissolved in bulk solution and produced by cells would be reduced on the tip surface.
Partial positive feedbacks were observed in Figure 4.12. The diffusion of O2 is blocked
by the cell when the tip is moving down toward the cell, resulting in a decreased current.
At the meantime, the current get increased when the tip is at the vicinity of cell surface
because of oxygen generation from the cell. Partial positive feedbacks were obtained as a
result of the dominant role of oxygen generation. For untreated cells, the corresponding
concentration of oxygen was decided to be 0.156 mM according to the simulated data.
The concentrations for 30 minutes or 24 hours vitamin C treated cells were determined to
be 0.166 mM and 0.152 mM, respectively.
Again, the electrode was moved up to initial position after each scan. A new
potential was set at -0.80 V, at which potential both oxygen and hydrogen peroxide
would get reduced on probe surface. Similar to the results obtained at -0.60 V, partial
positive feedbacks were obtained in Figure 4.13. This shares the similar explanation with
Figure 4.12. H2O2 and O2 production plays a dominant role.
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Figure 4.11 Normalized probe approach curves (PACs) recorded over T24 single
cells. The cells were treated with vitamin C for 30 mins, 24 hours and without
treatment, respectively. Purple circles are experimental data obtained with a 10μm
UME with a RG value of 3 at a biased potential of 0.70 V. Several simulated data
are shown in solid line in different colours. Hydrogen peroxide concentrations are
shown in the legend.
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Figure 4.12 Normalized probe approach curves (PACs) recorded over T24 single
cells. The cells were treated with vitamin C for 30 mins, 24 hours and without
treatment, respectively. Purple circles are experimental data obtained with a 10μm
UME with a RG value of 3 at a biased potential of -0.60 V. Several simulated data
are shown in solid line in different colours. Oxygen concentrations are shown in
the legend.
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Figure 4.13 Normalized probe approach curves (PACs) recorded over T24 single
cells. The cells were treated with vitamin C for 30 mins, 24 hours and without
treatment, respectively. Purple circles are experimental data obtained with a 10μm
UME with a RG value of 3 at a biased potential of -0.80 V. Several simulated data
are shown in solid line in different colours. Oxygen and hydrogen peroxide
concentrations are shown in the legend.
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Since the concentrations of H2O2 and O2 have already been obtained in previous
simulation results at 0.70 V and -0.60 V, they were assumed to be the same at the
proximities of the cell and utilized for simulation at -0.80 V. If the concentrations were
correct, overlapped results of simulation and experimental ones were expected. As
shown in Figure 4.13, overlapped results were observed. This confirmed the correctness
of the concentrations obtained about the H2O2 and O2 concentrations in previous
simulation. It can also be concluded from the quantification results that vitamin C plays a
pro-oxidant role in first 30 minutes and exerts anti-oxidant effect after several hours.

4.4

Conclusions
SECM technique was proved to be an effective tool to investigate the interaction

between cancer cells and anti-cancer drugs with the extracellular ROS as the indicator.
The H2O2 and O2 releases were investigated by SG/TC mode and depth scan images at
biased potential of both negative and positive sides. Qualitative and quantitative studies
were conducted. The concentrations of H2O2 and O2 were determined by superimposing
experimental PACs with simulated ones.
The SECM measurements evidenced the switch-type behaviour of vitamin C on the
PMA-induced ROS burst of T24 cells. When the T24 cancer cell was treated with
vitamin C for 30 minutes, vitamin C was observed to be a pro-oxidant. Both H2O2 and
O2 were significantly diminished after incubating with vitamin C for 1 day, which proved
the anti-oxidant effect of vitamin C.
In Jamison's 2004 Biochemical Pharmacology paper, vitamin C induced H2O2
formation was measured fluorimetrically in cell lysates at 15-min increment for 1 hr by
evaluating the oxidation of dihydrorhodamine 123 to rhodamine 123 and expressed in
terms of nanomoles of hydrogen peroxide per milligram of protein. In his results, VC
exposure resulted in an increase of H2O2 content during the first 15 min of incubation and
kept increasing during the second 15 min of incubation. The H2O2 content rapidly
decreased during the next 15 min and remained constant during the final 15 min of
incubation17. The obtained results in my project agrees very well with their report.
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Chapter 5 Conclusions and Future Work
5

5.1

General Conclusions
Scanning electrochemical microscopy offers an excellent way to explore topography

and chemical reactivity of various sample surfaces. It has a high spatial resolution with
the ability to scan the surfaces non-invasively. In this thesis project, pure metal surfaces
and single living cells are studied with this powerful technique.
Nickel samples studied are commercial ones for plating which are reported to be
99.9% pure.

However, residue was found when pure nickel was dissolved in acid

solution. To understand this abnormal observation, SECM and other surface analysis
techniques were employed. Grain boundary structure was drawn on nickel surfaces. By
superimposing SECM, SEM, ToF-SIMS images together, active spots on SECM image,
which have high current and chemical reactivity, correlated with surface composition
inhomogeneities. Nickel oxide which has deviations from stoichiometry (NiO1+x (0<x<1))
were easy to give electrons. Depth scans were taken on nickel surfaces for the first time.
A set of probe approach curves were extracted from depth scans to studied surface
chemical reactivity quantitatively.
For the live cells study, SECM was employed to reveal interactions between human
bladder cancer cells and vitamin C by detecting reactive oxygen species. The reduction
of oxygen and hydrogen peroxide was studied at negative potential while the oxidation of
hydrogen peroxide was detected at positive potential. Quantitative studies were carried
out by simulating with COMSOL software, and the concentrations of generated oxygen
and hydrogen peroxide were estimated. The steady-state SECM measurements indicated
the switch-type behaviour of vitamin C on the PMA-induced ROS burst of T24 cells,
which may corresponds to a switch-type cellular signalling pathway of T24 cells as a
response to vitamin C stimulation.
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5.2

Future Work

5.2.1 Scanning Probe Modification
Ultramicroelectrode plays an important role in SECM experiments.

By

improvement in the nanoelectrode fabrication and identification of nanoscale SECM
operation system, SECM could be further utilized in the nano-scale structure studies.
Nano-scale electrode can also help a lot for single cell examination. High sensitive
nanometre size tip can precisely locate above inner organelles of one single cell.
In another way, the tip can be chemically modified for specific response to the
presence of a desired chemical. This could be great helpful for ROS detection in aqueous
solution without interference of other species.

5.2.2 Combination of SECM with Other In-situ Techniques
Generated ROS is detected as an indirectly way to study cell activities. However
ROS release correlates to many complicated intracellular processes, which makes it
important to monitor the variation of cells in situ. Confocal microscopy and Raman
microscopy would be good candidates to provide a thorough understanding of
mechanisms and intracellular activities.
AFM could be another assistant method for investigating morphological changes of
the cells in response to extracellular and intracellular stimuli. By combining these two
techniques together, electrochemical as well as mechanical properties are able to be
measured for live cells.
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